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Abstract

An isochronous variant of the Ruijsenaars—Toda integrable many-body problem
is introduced, an equilibrium configuration of this dynamical system is
identified and by investigating the motions in its neighborhood Diophantine
relations are obtained.

PACS numbers: 02.30.1k, 45.20.Jj

1. Introduction and main results

Some years ago a technique was introduced [1] which is suitable to modify certain dynamical
systems so that the modified systems thereby obtained are isochronous, featuring in their
phase space a fully dimensional region where all their solutions are isochronous, i.e. periodic
in all their degrees of freedom with a fixed period (independent of the initial data provided
they belong to the isochrony region; for a review of these findings see the recent monograph
[2]). If the original system is integrable, there are reasons [2] to expect that the region of
isochrony of the modified, isochronous system coincides with the entire phase space. It is
then clear that, if such an isochronous system possesses an equilibrium configuration, the
standard linearization of the equations of motion in its (infinitesimal) neighborhood yields a
matrix featuring a Diophantine property: indeed, since the eigenvalues of this matrix provide
the periods of the oscillations of the system in that neighborhood, and since this motion must
be completely periodic with a fixed period, all these eigenvalues must be integer multiples of
a known number. This technique has been applied repeatedly, taking as point of departure
various integrable systems (for areview see [2]). Its applicability requires two minor miracles:
firstly, the possibility of transforming the original, integrable system into an isochronous
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system; and secondly, the explicit identification of an equilibrium configuration, allowing one
to obtain—via a standard procedure, starting from the equations of motion of the isochronous
system—an explicit matrix characterizing the linearized equations describing the motion near
equilibrium. The outcome of this procedure is the explicit identification of a matrix with the
Diophantine property that all its eigenvalues are integer numbers. The order of this matrix
generally coincides with the number of dependent variables of the system that often can be
arbitrarily large. When attention is restricted to few dependent variables—hence the order of
the relevant matrix is small—the Diophantine property can be verified by computing explicitly
the eigenvalues of this matrix; in this manner it is also generally possible to conjecture the
specific values of these eigenvalues when the order of the matrix is instead arbitrary. In
some cases these conjectures have then been proven (see the monograph [2] and references
quoted there; indeed the goal to prove these conjectures has motivated a research development
involving orthogonal polynomials and discrete integrable systems [3—06]).

This paper provides one more example in which the two minor miracles mentioned above
do happen. The treatment is analogous to that of two previous papers [2, 7, 8], but the
conjectures generally yielded by this approach are in this case replaced by proven statements.
Our main results are the identification of the isochronous variant of the Ruijsenaars—Toda
model [9] (also called ‘relativistic Toda’, and hereafter referred to by the acronym RT),
as described in the following section, see (19), and the identification of the following two
tridiagonal M x M matrices AY) and B’ defined componentwise as follows:

A = -M, AP = —M - 1), (1a)
AN ==t —1—=Mm), AP = - M), 0=2,...,M, (1b)
B = MM - 1), 2a)
Byy = =2M — 1, ByY = (M —1)(M-2), 2b)
B —(—1-Mye—2-M).  BM =-20¢—1-M> .
B =w—ME—1-M).  £=3...M

with all their other matrix elements (i.e. all those not displayed above) vanishing, and the
statement that the 2M roots of the polynomial det[x*1™ +x AM 4+ BM)] of degree N = 2M
in x, are all integers, indeed that they are identified by the factorization

M M—1 M—1
det[x21™ 4+ xAM 4 B = |:1_[(x — m)i| []‘[ (x +m)i| =x(x = M) [] > —m?).

m=1 m=0 m=1

3)

Here and throughout M is an arbitrary integer (larger than 2, M > 2, to avoid having to detail
separately trivial special cases), and of course 1) denotes the unit matrix of order M.

A related finding—instrumental to prove result (3), but of interest in its own right—is
obtained by introducing the polynomials p{”)(x), of even degree n = 2m in x and depending
on an arbitrary parameter v, defined by the formula

Py () = detlx’1™ + x A" + B"V),n=2m, )

where the two tridiagonal m x m matrices A" and B™ ") are defined (componentwise) as
follows:

A = -, AP = —(v = 1), (5a)
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AV == —1-v), Al =@-v).,  t=2....m  (5b)
B = v - 1), (6a)
By =—20-1% B =0-D-2). (6b)
B = —1—v)(€—2—v), B = =26 — 1 —v)%, 0
B = - —1-v).,  £=3....m,

with all their other matrix elements vanishing (and m an arbitrary integer larger than 2, m > 2).
As noted in the following section, these polynomials p{” (x) (of even degree n = 2m) can
also be defined via the three-term recursion relation

DSy (®) = [x* = 20m — v)?1p5) (x) + (m — v)*[x> — (m — 1 = v)*1pS), (),

m=273,..., (7a)
with the initial assignments

Py (x) = x(x — v), (7b)

Py (x) = x(x — v)[x* — (1 — v)*]. (7c)

And it is then clear that the Diophantine factorization holds:

m m—1
Py (x) = []‘[(x - m} []‘[(x +E>}

=1 =0
m—1
=x(x—m)]—[(x2—zz), ®)
=1

as implied by formulas (3) and (4), together with the observation that clearly
AMM) A(M), BM.M) _ B(M), 9)
as implied by a comparison of (1) with (5) and of (2) with (6). But—as shown in the following
section—there holds in fact the following more general result:
m—1
pom ) = x(x —v) [ [x* = € = v)’1, (10)
=1
which clearly reduces to (8) for v = m.
This finding suggests introducing a second family of polynomials ¢{" (z), of degree m in
z, via the ansatz

P =x(x =v)gy) (), z=x% (1D
so that also these polynomials are trivially factorized,
g (@) =[]z = € - 7. (12)
=1
Moreover, these polynomials satisfy the three-term recursion relation
g5 (@) = [z = 20m = v)"1g,,” (2) + (m = v)’[z = (m — 1 = v)*1g,” (@), (13a)

being indeed also defined (for all nonnegative integer values of their order m) by these recursion
relations together with the initial assignments

@@ =1, ¢ (@) =z—(1-v) (13b)

3
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and they also satisfy the second recursion relation (for whose relevance see [3—6])

0@ =4 @ +ga, @ m=1.2..., (14a)
with
g% = m(m — 2v). (145)

The derivation of all these findings is detailed in the following section.

2. Derivation of the results

Our point of departure is the RT integrable dynamical system [9] characterized by the
Hamiltonian
M

M= {exp(pu)ll +exp(@u_1 — gu)1*[1 +exp(qn — guen)]* =2}, (15)

m=1

whose equations of motion are, for our purposes, conveniently written as follows [10, 11]:

a;/n = am(l - am)(bm - bm+1)’ (16a)
b,/n = bm(bmflamfl - bm+lam)- (16b)

Notation 1. Here a,, = a,,(t) and b,, = b,,(t) are the dependent variables and are related
to the canonical coordinates q,,(t), pm (1) as follows:

_ exp(gm — gm+1)
" [1 + exp(Q}'rL - Qm+1)] ’

(17a)

b = exp(pu)[1 +exp(gm—1 — gm)1>[1 +eXp(gm — Ggms1)17: (17b)

while t is of course the independent variable, and appended primes denote differentiation
with respect to T. Here and hereafter (unless otherwise indicated) the index m runs from 1
to M, with M being an arbitrary positive integer (but occasionally we shall understand that
M > 2, to avoid having to single out trivial cases).

This dynamical system is complemented by the boundary conditions

ag=ay =0, bo =bys1 =0 (17¢)

(corresponding to gy = —00, gy = +00 and py = py+1 = —00, see (17)), which are
known to be compatible with its integrability [10]. Note that this system features formally
2M -dependent variables but has in fact only 2M — 1 nontrivial-dependent variables, since
the variable ayy vanishes identically (see (17c), and note the compatibility of this condition
with (16a)).

This system is transformed into an isochronous system by introducing new dependent and
independent variables via the following assignment [2]:
(1) = am(7), B (1) = exp(it) by (T) (18a)
with
T = —i[exp(it) — 1] (18b)

entailing (for simplicity) t(0) = 0; hence «,,(0) = a,,(0), B,,(0) = b,,(0). The equations of
motion of the isochronous system then clearly read

& = (1 = ) (B — Bm+1), (19a)
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/3m _iﬂm = ,Bm(am—lﬂm—l _am,BmH)v (19b)
and are complemented by the boundary conditions
ag=ay =0, Bo = Bu+1 = 0. (19¢)

Notation 2. Here and hereafter the superimposed dot indicates of course differentiation with
respect to the new (real) independent variable t (‘time’), and 1 is the imaginary unit, i2=—1.

The autonomous character of this system (19) is the first of the two minor miracles
mentioned above.

As implied by the transformation (18)—together with the (Painlevé) property of the
solutions of the original dynamical system (16) to be meromorphic functions of their
independent variable T —the property of isochrony of this system (19) reads

oy (1 +27) = ot (1), B (1 +21) = B (1). (20)

Next, let us consider the equilibrium configurations of this dynamical system, (19). They
are clearly characterized by the values @&,,, B, of the dependent variables satisfying the system
of N = 2M algebraic equations

(1 — @) (B — Bus1) =0, (21a)

_IBm = Bm(o_lm—l,Bm—l - &mBmH)a (21b)
complemented of course by the boundary conditions

Qg =ay =0, Bo = Bu+1 = 0. (21¢)

As can be easily verified (separately form = 1, form = 2,form =3,...,M — 1 and

for m = M), a solution of this system of algebraic equations (21) reads

a =1, B = —(M — 1), (22a)
&y = —(M —m), Bn =1, m=2,....M (22b)

(note the consistency of (22b), for m = M, with (21c¢)).

This is not the only equilibrium configuration of the dynamical system (19), but it seems
to be the only one useful for our purposes. And the fact that this equilibrium configuration is
explicit is the second of the two minor miracles mentioned above.

Next, let us obtain the linearized system that characterizes the behavior of the isochronous
dynamical system (19) in the immediate neighborhood of this equilibrium configuration, (21).
This obtains, in the limit when ¢ is infinitesimal, by setting

o (1) = G + X (1), Bu(t) = B + &y (1). (23)

Note that the isochronous character of «,, (¢) and 8, (¢), see (20), entails the analogous property
for x,,(¢) and y,, (¢):

Xm (1 +27) = X (1), Y (1 +270) = ym (1). (24)

The insertion of this ansatz (23) in the equations of motion (19) yields the linear system
Xy = (l - 2élm)(/gm - Bm+1)xm +am(1 - am)(ym - ym+1)» (2561)

ym - ]ym = Bm(ﬁmflxmfl - Bn1+1-xm + 5lm71)’m71 - &mym+1)
+ (&mfllefl - amBmH)yma (25b)

5
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complemented of course by the boundary conditions (see (19¢) and (21¢))
xo=xy =0, Yo = ym+1 = 0. (25¢)

And the insertion of the equilibrium data (22) in this system of ODEs yields the following
system of N = 2M — 1 linear first-order ODEs:

X1 = Mix;, (26a)
io=—M —O)M — £+ 1)(ye — yes1), 0=2,...,M—1, (26b)
y1=—WM — Dx; + (M — iy, (26¢)
Vo= (M — 1)x; +x2 +iy; + (M — 2)iys, (26d)
Vo= —Xp_1+xe— (M — £+ Diye_1 + (M — £)iye,, £=3,....M, (26¢)
YmM = —Xy-1 —iym-1. (26 1)

Note that the last formula (26 f) coincides, via (25¢), with the next-to-last formula (26¢) with
£ = M (hence, this is again a system of 2M — 1 first-order ODEs).

This system can clearly be reformulated as a system of M linear second-order ODEs for
the M-dependent variables, y,,, reading

Vi —iMy —i(M — D)y, — M(M — 1)y, =0, 27)
F2 M = D1 —i(M = 2)33+2(M — 1)°y; = (M — )(M —2)y; =0, (28)

Ve+iM — L+ Doy —i(M — O Yer1 — (M — L+ 1)(M — £ +2)y
F2M — €+ D2y — (M —O)(M — €L+ Dy =0, £=3,....M, (29

namely
y+iAMy — BMy =0, (30)

where the two (constant) M x M matrices A and B™ are defined above, see (1) and (2),
and of course the M-vector y= X(t) has the M components y,, = y,, (¢).
The general solution of this system of linear ODEs (30) is provided by the formula

2M

y(®) = crexplingu®, (31)
k=1

where the 2M numbers x; are the 2M roots of the polynomial det[x?>1? + x AM 4+ B of
degree 2M in x, the 2M constants ¢y, are arbitrary and the 2M constant M-vectors are defined
appropriately.

The isochronous character, see (24), of this (general) solution of the system (30) entails
the Diophantine conclusion that the 2M numbers x; must all be integers.

The neater way to verify this result, and to moreover identify that these 2M integer
numbers x; are those implied by the right-hand side of the explicit factorization formula (3),

X, =m for m=1,....M, Xmam+1 = —m  for m=0,.... M—1, (@32

is to prove all the results reported in the previous section backwards, starting from the last
one reported there (while the order in which they are reported above reflects more faithfully
the sequential character of their original derivation, via theorems and conjectures analogous
to those of previous treatments [3, 7, 8]).

6
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Let us therefore define the polynomials ¢ (z) via the explicit factorization formula (12).
It is then trivial to verify, by direct substitution, that these polynomials satisfy the two recursion
relations (13) and (14). Next, we define the polynomials p,(l") (x) via (11), so that they feature
the factorization (10); it is then trivial to also verify, again by direct substitution, that they
satisfy the recursion relation (7). The fact that (4) (with (5) and (6)) is consistent with these
three-term recursion relations (7) is then easily verified by evaluating the determinant of the
tridiagonal matrix C") (x) = x*1™ + x A" 4+ B by expanding it according to the
formula
det[C™") (x)] = Y det[C™ 1) ()] — o Y det[C ) (x)]

= (x*+ B\ det[C™" ) ()]
— (xAUY 4 B Y (x AU+ BUY ) det[ €2 (1), (33)

m,m— m,m—1 m—1,m m—1,m

entailed by the tridiagonal character of the matrices A™" and B ", by the fact that Aﬁ,’l”nf)
vanishes (see (5)) and, most importantly, by the fact that the matrix elements of these two
tridiagonal matrices are independent of their order m (see (5) and (6)); and then by using (4)
to identify this formula (33) with the recursion relation (7) (using the explicit expressions (5)
and (6)).

This completes the proof of the results reported in the previous section, since, as already
noted there, the factorization (3), or equivalently (8), is evidently a special case of the more
general factorization (10).

We complete this paper with two remarks.

Remark 1. Of course the factorization (12) entails that the polynomials g (z) satisfy the
two-term recursion relation

eV () =z — (m —v)*1g" (), (34a)

which is easily seen to be compatible—indeed, to imply—the three-term recursion relation
(13a). And likewise the polynomials pgz (x) satisfy the two-term recursion

pon(x) =[x — (m — 1 = v)*pSo ) (x), (35)

in addition to the three-term recursion (7a).

Remark 2. Already in the original paper by Ruijsenaars [9] it was observed that the Poincaré
invariance of the RT model entails the existence of two commuting Hamiltonians, H, = H and
‘H_—one being the ‘time-reversed’ variant of the other—related by the involutive symmetry

qdm — qm, Pm - —DPm- (36)

Hence, these two Hamiltonians read (compare with (15))

M
He= Y {exp(Epu)[l+exp(@n1 — gu)]*[1+exp(Gn — gue)]* — 2}. (37)

n=1

In terms of the variables a,, and b,, related to the canonical variables p,, and g,, by the
relations (17), the two Hamiltonian flows associated with H, respectively H_ read

([am9 7_{+]> _ (am(l - am)(bm - bm+1) ), (3861)
[bm» H+] bm (bm—lam—l - ambm+l)
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[Clm, H,] — bm(l—erm,]) - bm+l(liam+1) (38b)
[bm7 H—] A _Gm-1 )

1—a,, 1—a,_,

respectively

where the notation [A, B] denotes of course the standard Poisson bracket.
Note that these two Hamiltonian flows can be related by the transformation (36) which,
once rewritten in terms of the variables a,, and b,,, reads

1

by (1 —ap)(1 —ay,_1) ’
And let us also mention that it has been shown [12] that the two flows (38) are just the first ones
of two commuting hierarchies of flows, constructed via a recursion operator and its inverse,
and having as Hamiltonians the traces of the positive and negative powers of the same Lax
matrix.

Of course the first flow yields the equations of motion (16), while the second flow of
the RT system, corresponding to the Hamiltonian 7_, yields, for the dependent variables
a, = a,(t) and b,, = b,,(1), the equations of motion

a, —> Ay, b, —

(39)

1 1
d =a — , (40a)
e [bm(l —ap-1) b (1 —amﬂ)}
b/ am am—1

" U=an) (—dapy)

to be again supplemented with the ‘boundary conditions’ (17¢). But it is easily seen that the
dynamical system characterized by these equations of motion can be reduced to that considered
above, see (16), merely by a more convenient choice of variables, namely by introducing the
following ‘tilded’ variables:

(40b)

Gy = eXP(Qm - Qm+l) = a,, (4161)
[1 + exp(Qm - Qm+1)]

bm - exp(_pm)[l + exp(‘]m—l - qm)]% [1 + exp(Qm - qm+l)]%

1
= — . (41b)
bm(l - am)(l - am—l)
It is indeed easy to verify that the evolution yielded, for the canonical variables ¢,,(t) and
Pm(7), by the Hamiltonian H_ entails, for the tilded variables a,,(t) and b,, (1), just the same
equations of motion,

El;n =dn(l - 6~lm)(l;m - l~7m+1), (42a)
B:n = 5m (%m—lam—l - 5m+1&m)’ (42b)

yielded by the Hamiltonian M. for the dependent variables a,,(t) and b,,(t), see (16).
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